We explore the influence of elliptical polarization on the (non)sequential two-photon double ionization of atomic helium with ultrashort extreme ultraviolet (XUV) light fields using time-dependent full ab-initio simulations. The energy and angular distributions of photoelectrons are found to be strongly dependent on the ellipticity. The correlation minimum in the joint angular distribution becomes more prominently visible with increasing ellipticity. In a pump-probe sequence of two subsequent XUV pulses with varying ellipticities, polarization tagging allows to discriminate between sequential and nonsequential photoionization. This clear separation demonstrates the potential of elliptically polarized XUV fields for improved control of electronic emission processes.
I. INTRODUCTION
With the advent of high-order harmonic generation (HHG) [1] [2] [3] extreme ultraviolet (XUV) pulses are now routinely generated in table-top experiments making the studies of distinct aspects of light-matter interaction possible. Recent progress in HHG from bichromatic counter-rotating circularly polarized laser pulses [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and from relativistic laser driven plasma mirrors [14, 15] has opened the door to generation and application of elliptic XUV pulses giving an additional knob to study and, most importantly, to control strong-field atomic, molecular, and surface dynamics. Elliptically polarized energetic pulses can also be produced with free-electron lasers [16] [17] [18] , extending the study to inner-shell electronic dynamics. The level of control which can be achieved was recently demonstrated by producing a spiral pattern in the momentum distribution of ionized electrons which were produced by two oppositely circularly polarized time-delayed XUV pulses [19, 20] . Two-photon double ionization (TPDI) of atomic helium is a prototypical process to investigate electron correlations and has been studied extensively using linear XUV pulses, e.g. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] , and recently also with elliptically polarized light fields [33] [34] [35] . For photon energies below the second ionization potential I 2 = 54.4 eV, the system is in the spectrally nonsequential regime where TPDI only occurs for near-simultaneous absorption of two photons even for long pulses. For higher photon energies, the two-photon double continuum can be reached by two sequential one-photon absorptions via on-shell intermediate states of the He + ion. For ultrashort pulses the clear distinction between nonsequential and sequential regimes breaks down. Even for XUV pulses in the spectrally sequential regime with central energies above I 2 , TPDI becomes nonsequential in the time domain as the first electron is still in the vicinity of the ion when the second absorption process takes place. Exchange of en- * stefan.donsa@tuwien.ac.at † hongcheng.ni@tuwien.ac.at ergy and angular momentum between the departing electrons, referred to in the following as dynamical Coulomb correlation, persists which strongly depends on the duration of the ionizing pulse [22, 31] .
In the present article we demonstrate that in addition to the pulse duration also the ellipticity of the ultrashort XUV pulse provides an effective knob to control the TPDI process. We show that the dynamical correlation features in the joint angular distribution become more clearly identifiable and more pronounced for circularly polarized fields compared to linearly polarized light fields as distortions due to dipolar nodal planes are absent. Moreover, for a sequence of two ultrashort pulses with ellipticities 1 and 2 , multi-path interferences in the double continuum can be controlled. Polarization tagging allows to distinguish between electron emission by the first or second of the two pulses. We explore possible experimental signatures accessible with a reaction microscope [36] as recently demonstrated for ionization in the strong-field multi-photon double ionization regime [37, 38] .
II. NUMERICAL METHOD
We solve the time-dependent Schrödinger equation (TDSE) for atomic helium in its full dimensionality including the full electron-electron interaction by expanding the wave function in coupled spherical harmonics
with
Inserting this expansion into the TDSE yields the timedependent close coupling (TDCC) equations [26, 28, 39, 40] . The electric fields are treated in dipole approximation. In the present work we have extended our TDCC 0 0.5 1
(a) Joint angular distribution P (θ1 = θ2 =90
• , φ1 =0
• , φ2) of the ejected electrons for a pulse duration Tp = 150 as at ω =70 eV for different ellipticities . The innermost line (pink) corresponds to the previously investigated case of linear polarization alongx ( = 0), whereas the successive outer curves correspond to = 0.4, 0.6, 0.7, 0.8, 0.9, and 1 (circular polarization). All distributions are normalized to a maximum value of one. (b) Ratio of probability for emission of the two electrons with a relative angle of 90
• to the probability for emission into the opposite direction (back-to-back) for the different ellipticities shown in (a). (c) Sketch of a laser field with = 1 (blue) and 0 (pink).
approach [21] previously limited to the case of linearly polarized light fields to arbitrarily polarized fields. Accordingly, the total magnetic quantum number M is no longer a conserved quantity. This substantially increases the number of close-coupling equations for the same maximum total angular momentum L max from (L max + 1) to (L max + 1) 2 and thereby the numerical complexity. The radial wave functions R L,M l1,l2 (r 1 , r 2 , t) are discretized on a spatial grid using the finite-element discrete-variablerepresentation (FEDVR) [41] [42] [43] [44] . For the temporal propagation we use the short-iterative Lanczos algorithm with adaptive time step control [45] [46] [47] . To extract the spectral information we project the six-dimensional wave function onto products of uncorrelated energynormalized Coulomb wave functions for each combination of L, M , l 1 , and l 2 separately. For the projection to be converged the wave function has to be propagated sufficiently long after the end the pulses, for a detailed discussion see [21] . We use velocity gauge throughout and find converged results with a close-coupling expansion of L max = 3, l 1,max = l 2,max = 12.
III. INFLUENCE OF ELLIPTICITY AND PULSE DURATION ON THE ANGULAR DISTRIBUTION
We use XUV pulses with central photon energies of 65 and 70 eV, a peak intensity of 10 12 W/cm 2 , which is in the purely perturbative regime for these photon energies and a cos 2 envelope for the vector potential given by
< T p where t XU V is the peak time of the XUV and T p is the full-width at half maximum duration of the vector potential. We simulate the response to ultrashort pulses with T p 2 fs corresponding to a Fourier bandwidth ∆ω ≈ 2π/T p > 2 eV. Despite this considerable width, the spectral overlap with the energetically nonsequential regime ω < I 2 = 54.4 eV is still negligible. We therefore focus on the nonsequential regime in the time domain. The elliptical vector potential, propagating along theẑ axis and polarized in thex −ŷ plane, is defined by
where is the ellipticity of the laser field. The light field is called left(right)-circularly polarized if = 1(−1). For TPDI by ultrashort XUV pulses electron-electron interactions in the double continuum leave a strong imprint on the energy and angular distribution of the emitted electron pair [22, 23, 31] . Angular correlations between the two electrons are characterized by the joint angular distribution
integrated over the energies E 1,2 of the emitted electrons. Within the polarization plane (θ 1 = θ 2 = 90 • ) and for one electron emitted along thex-axis, P (90
• , φ 2 ) strongly varies with the ellipticity. For linear polarization ( =0), P (φ 2 ) displays the previously observed "fish-like" angular distribution [ Fig. 1 (a) ]. With increasing , the dip due to the nodal line at φ=90
• disappears. The ratio P (φ 2 =90
• )/P (φ 2 =180
• ) approximately scales with 2 [ Fig. 1 (b) ]. In the limit of circular polarization the only structure remaining is the suppression of electron emission into the same direction (φ 2 =0
• ) (sideby-side) relative to the back-to-back emission (φ 2 =180
• ). The pronounced minimum for emission of both electrons in the same direction is not affected by the variation of . The obvious reason for the strong suppression is the repulsive electron-electron interaction, when the twoelectron emission is temporally confined to a fraction of a femtosecond and is a prototypical case of dynamical Coulomb correlation. Performing a scan of the pulse duration T p [22] we find that with increasing pulse duration the dip in the angular distributions becomes less and less pronounced and in the limit of very long pulses it approaches a purely circular distribution (grey dashed lines), see Fig. 2 (a). This dynamical Coulomb correlation can be quantified by the dependence of the ratio P (φ 2 =0
• Fig. 2 (b) ]. In the limit T p → 0, Coulomb repulsion tends to completely block the side-by-side emission. For circular polarization, the side-by-side suppression is the dominant structure in the joint angular distribution, while for linear polarization additional pronounced minima due to the nodal plane may overshadow this effect 
• , φ2) of the ejected electrons for different pulse durations at ω =70 eV. The innermost line (blue) is for Tp = 75 as, with successive outer lines for Tp = 150, 300, 500, 1000, 3000 as. The dashed line is the unit circle. All distributions are normalized to the maximum value of the angular distribution at φ2 = 180
• . (b) Ratio of emission of the two electrons into the same (side-by-side) and into the opposite direction (back-to-back) for the different pulse durations shown in (a).
in the experiment. Circularly polarized XUV's are therefore the preferred experimental setting to unambiguously establish the dynamical correlation in TPDI for ultrashort pulses. Moreover, unlike for linear polarization the joint angular distribution is rotationally invariant
for circular pulses. Consequently, the correlation dip will persist when integrating the experimental angular distribution over the azimutal angle α while keeping the relative angle φ 1 − φ 2 fixed, thereby improving the experimental signal-to-noise ratio.
IV. XUV-XUV PUMP-PROBE SEQUENCE WITH ELLIPTICALLY POLARIZED PULSES
XUV-XUV pump-probe sequences have been theoretically investigated for linearly polarized pulses in the past, e.g. [24, 30, 31, [48] [49] [50] . Palacios et al. [30, 31] investigated an XUV-XUV sequence for pulses with different energies and varying time delays and found an interference pattern in the angle integrated, but energy resolved double ionization probability P DI (E 1 , E 2 ) as a function of the energy difference ∆E = E 1 − E 2 between the electrons. XUV-XUV pulse sequences have also been used to explore double ionization via doubly excited resonances as intermediate states of interfering pathways [24] . We explore in the following double ionization by a sequence of two ultrashort XUV pulses with, in general, different ellipticities 1,2 . We show that polarization tagging allows to distinguish ionization events occurring in the first and the second pulse and, thus, temporal (non)sequential ionization. With this control knob interferences can be switched on and off. The two pulses in Fig. 3 have identical central energy of 65 eV and a Fourier width corresponding to T p = 1 fs. The time delay between the pulses is sufficiently large (τ = 2.5 fs) that
FIG. 3. Double ionization spectrum P
DI (E1, E2) (log-scale) as a function of E1 and E2 for pulse sequences with different ellipticities. The central photon energy of both pulses is 65 eV, their duration is Tp= 1 fs and the pulse delay τ = 2.5 fs.
the two pulses are temporally well separated.
A. Doubly differential energy distributions
We first consider the angle-integrated double ionization probability as a function of the two electron energies P DI (E 1 , E 2 ). In the E 1 − E 2 plane we observe two well separated peaks signifying sequential double ionization and a faint ridge connecting the two indicating a weak non-sequential contribution. For opposite polariza- Fig. 3 (a) ] the peaks are structureless. By contrast, for two pulses with the same ellipticity Fig. 3 (b) ]. This pattern results from different pathways in the time domain to reach the same final two-electron state with energies (E 1 , E 2 ) in the double continuum: absorption of two photons from the first pulse, absorption of two photons from the second pulse and absorption of one photon from each pulse, the latter amounting to two paths due to the indistinguishability of the two electrons (see Fig. 4 ). Closer inspection shows that the interference pattern near the sequential peaks is checker-board like while it appears stripe-like near the non-sequential ridge. Employing second order perturbation theory (see, e.g., [23, 30, 48, 51] ) the interference pattern for two identi- cal time-delayed XUV pulses can be quantitatively accounted for. The angle integrated two-photon double ionization probability is given by the incoherent sum of the transition probabilities t
(5) For a pump-probe sequence where the first pulse has ellipticity 1 and the second 2 the amplitudes are given by
where A (2) is a generalized shape function for absorption of two photons within one pulse and G (1) is the shape function for absorbing one photon in each pulse (for details see Appendix A). E 0 = − (I 1 + I 2 ) is the groundstate energy and E 1,2 − I 2 is the intermediate state energy if the first (second) electron is ionized by the first pulse while the second (first) electron is bound in the 1s state of He + . Eq. (6) represents the coherent superposition of ionization paths involving either absorption of two photons with the same polarization from the same pulse (terms proportional to A (2) ) and absorption of photons from different pulses (terms proportional to G (1) ) with, in general different polarizations 1 = 2 . The interference pattern depends on (E 1 , E 2 ) or, equivalently, on ∆E = E 1 − E 2 and E tot = E 1 + E 2 . Accordingly, the interference oscillations ∼ cos ((E 1 + E 2 − E 0 ) τ ) along the lines ∆E= const. are due to the mixed terms in A (2) in Eq. (6) and are, in principle, present in the entire (E 1 , E 2 ) plane. They appear, however, only when the circular polarization of the first and the second pulse agree.
The corresponding interference phase (E 1 + E 2 − E 0 ) τ is marked in Fig. 4 by green stripes. Near the sequential peaks additional interference terms due to the G (1) terms contribute (marked by red and yellow shaded areas in Fig. 4) 
(1) (∆E) and G (1) (−∆E) vanishes. Eq. (7) contains terms that have significant weight only if the polarizations are sufficiently different and are strictly zero for 1 = 2 = 1. Thus by switching the polarizations of the pulses, path interferences can be switched on and off. The interference in the double ionization spectrum P DI (E 1 , E 2 ) can be shown to be quite robust relative to variation of of the XUV pulses employed, as can be seen in Fig. 3 (c) for two pulses with 1 = 0.9, 2 = −0.9. The interference pattern starts to emerge, but is hardly visible. Similarly, using two pulses with slightly different ellipticity, e.g., 1 = 0.9, 2 = 0.6 results in a very similar interference pattern as 1 = 2 = 1 [compare Fig. 3 (b) and (d)].
B. Singly differential energy distributions
Integrating P DI (E 1 , E 2 ) now along the total energy E tot = E 1 + E 2 yields the double ionization probability as a function of the energy difference ∆E = E 1 − E 2 of the two electrons
As predicted by Eq. (6) and (7), all the interference terms contain cos (E tot τ ). Integration over E tot damps out all these terms. Conversely, however, interferences due to the superposition of the terms ∼ A (2) ∼ cos ((E tot − E 0 ) τ ) survive when P DI (E 1 , E 2 ) is integrated over ∆E. quantum number of the two-electron wavepacket to the two ellipticities 1,2 = 1, −1. The electronic wavepacket with total M =2 (or −2) must have absorbed both photons from the first (second) pulse. M = 0 is reached only when one photon is absorbed from each pulse. While the photo-electron spectrum of the M = 2 (−2) electrons is influenced by dynamical electron-electron correlation, the M = 0 electrons stem from a purely sequential process. This is clearly visible in P DI (∆E) [ Fig. 5 (a) ]. Summing over all M results in a P DI (∆E) closely resembling the distribution for a single linearly polarized XUV pulse [23] with a plateau in the equal energy sharing (∆E ≈ 0) region. Analyzing P DI (∆E) separately for the different M channels, we observe that for M =±2 the probability distribution is very similar to the full spectrum. This is due to the fact that either channel consists of electrons emitted by the absorption of two photons within the same pulse and, thus, has the signatures of both temporal sequential and non-sequential two-photon double-ionization. For M =0 [dash-dotted line in Fig. 5 (a) ], P DI (∆E) features two well-separated peaks at ∆E ≈ ±1.1 a.u. while the equal-energy sharing plateau is completely missing as expected for a purely sequential ionization process. Moreover, much smaller peaks near ∆E ≈ ±1.9 a.u. corresponding to shake-up processes with excited ionic states become visible. The composition of TPDI into contributions with different total magnetic quantum number M of the twoelectron wavepacket is straightforward in theory, but such a separation is not easily accomplished in experiments. We therefore explore the signatures of polarization tagging in the experimentally directly accessible energy-and angular distributions of TPDI. To this end, we compare the energy-differential double-ionization probability, P DI (∆E) for two polarization scenarios: A left-left (L − L) pulse sequence ( 1 = 2 = 1) with an L − R sequence ( 1 = 1, 2 = − 1). The absolute value of P DI (∆E = ±1.1 a.u.) near the sequential peak is found to be larger for the L − L sequence than for the L − R sequence. By subtracting now P DI (∆E) of the L − R sequence from P DI (∆E) of the L−L sequence [dash-dotted line in Fig. 5 (b) ] the structure of the two well-separated sequential peaks emerges. This difference spectrum coincides very well with the M =0 spectrum of the L − R sequence [ Fig. 5 (a) ] and gives access to the polarization tagged spectrum without actually resolving M . This selectivity can be easily understood from angular momentum coupling arguments. After absorbing the first lefthanded photon, the singly ionized state lies in the L=1, M =1 channel. During the second pulse the transition amplitude for absorbing another photon is the same irrespective of the polarization apart from the pre-factor which is given by a Clebsch-Gordon coefficient. If the second pulse is also left-circularly polarized the only relevant Clebsch-Gordon coefficient for coupling to M =2 is 1, 1, 1, 1|2, 2 = 1. For a right circularly-polarized second pulse there are two pathways to M =0 with Clebsch-Gordon coefficients 1, 1, 1, −1|2, 0 = 1/ √ 6 and 1, 1, 1, −1|0, 0 = 1/ √ 3. Squaring and adding those coefficients the probability to absorb one photon out of each pulse from an L−R sequence is half of the L−L sequence. Consequently, by subtracting the L − R from the L − L signal the yield of the electrons is exactly the same as if we would have selected just the electrons which absorbed one photon out of each pulse in the L − R scenario resulting in electrons with M = 0.
C. Joint angular distributions
We now focus on the joint angular distributions of photoelectrons emitted in the XUV-XUV pulse sequence in the polarization plane (θ 1 = θ 2 = 90
• ) and fix the emission direction of the first electron to φ 1 = 0
• . We study differences and similarities in P ( Fig. 6 (a) and (b) respectively]. The angular distribution for an L − L sequence [ Fig. 6 (a) ] closely resembles P (φ 2 ) of a single pulse of comparable duration (Fig. 2) . The distribution features a modest suppression due to dynamical Coulomb correlation for side-by-side emission but is otherwise close to rotationally symmetric. Since the L − L sequence has the propensity to populate M =2, the distribution from summation over all M is essentially indistinguishable from the distribution for M =2 alone. An entirely different picture emerges for the L−R sequence [ Fig. 6 (b) ]. The angular distribution P (φ 2 ) is peanut shaped. Its origin can be traced to the contributions from different M channels which contribute to 0 0.5 1 (a)
• , φ2) of the ejected electrons for an XUV pulse with polarization 1 = 1 followed by an XUV pulse with (a) 2 = 1 or (b) 2 = −1. (c) same as (b) for 1=0.9 and 2=−0.9. All pulses have photon energy ω = 65 eV and a pulse duration of Tp = 1 fs. The different lines correspond to different values of M of the final state. All distributions are normalized to the maximum value of the total probability (summed over all M ). P (φ 2 ) in the L − R sequence. While the M = ±2 components mirror the distributions for the L − L sequence, the M =0 component features a dipolar pattern with a nodal line along φ 2 =90
• causing the indentation of P (φ 2 ). This particular shape allows to associate the emission direction with the (non)sequential timing of the twoelectron emission. The joint probability near P (φ 2 =90
• ) is exclusively due to the quasi-simultaneous emission from the same pulse. Conversely, the joint probability near P (φ 2 =0
• ) is predominantly due to sequential emission of the two electrons spaced in time by τ = 2.5 fs. In the present case of a relatively long pulse of T p = 1 fs the sequential contribution is well above 50%. In the limit of even shorter pulses (T p → 0) P (φ 2 =0
• ) tends to become completely sequential [see Fig. 2 (b) ]. To check for the robustness of our results against imperfection of circular polarization, we also perform simulations for a sequence with 1 = 0.9, 2 = −0.9. The pulses have the same duration and energy as above. While the overall yield decreases with decreasing ellipticity, the characteristic shape of the angular distribution remains largely unchanged and structurally stable [ Fig. 6 (c) ]. It should be noted that the angular distribution for = ±1 does not only depend on the relative angle φ 1 − φ 2 , but on both azimutal angles explicitly.
CONCLUSIONS
We have explored the effect of ellipticity on two-photon double ionization, extending previous investigations of this two-electron process by linearly polarized fields, e.g. [21, [26] [27] [28] [29] [30] . We have shown that for a single ultrashort circularly polarized XUV pulse the imprint of dynamical Coulomb correlation on the joint angular distribution appears more prominently as the distortion due to the nodal structure of a dipolar emission pattern is absent. For a sequence of two ultrashort XUV pulses with, in general, different polarizations it is possible by polarization tagging to control temporal interference patterns in the angle integrated double ionization probability P DI (E 1 , E 2 ) and to map the timing of the emission events onto the joint angular distribution. With new HHG based XUV sources with higher intensities as well as FEL based sources with improved control over the temporal structure of the light field these features should become experimentally accessible. Employing second-order time-dependent perturbation theory (see, e.g., [23, 30, 48, 51] ) the interference pattern observed in the angle-integrated double -ionization spectrum P DI (E 1 , E 2 ) for a pump-probe sequence can be described quantitatively. The transition amplitude for two-photon double ionization is accordingly given by
with E f n = E f − E n and E ni = E n − E i . 
we project onto the final state |E 1 , E 2 , L, M . The two-photon double ionization probability is then given by
(A2) We employ the velocity gauge, i.e.V (t) = ˆ p 1 +ˆ p 2 A(t) ≡ˆ µ A(t). Expandingˆ µ A(t) in spherical tensor components yieldŝ
where the spherical tensor components are de-
Using the vector potential [Eq. (3)] in rotating-wave approximation
Within the rotating-wave approximationμ can be expanded as a function of spherical harmonicŝ
Using Eq. (A4) we can simplify Eq. (A1):
We note that the shape function G is fully determined by the temporal envelope f (t) and the central frequency of the pulse. To leading order only the intermediate state with one electron in the p continuum and the other electron bound in the 1s state of He + contributes (|n 0 = |E 1 p, 1s ). The contribution of shake-up intermediate states is small (see Fig. 5 ). Assuming only the on-shell intermediate state by absorbing the first photon with ellipticity I and the second with ellipticity II the matrix element in Eq. A6 is given by To calculate the shape function G [Eq. (A7)] we distinguish whether both photons are absorbed within one pulse [G (2) ] or one photon out of each pulse is absorbed [G (1) ]. G (1) can be easily calculated since the integration limits in Eq. (A7) are independent
Inserting the envelope of the pulse we get
For long pulses the total energy of the final state is accurately determined to be E 1 + E 2 = 2ω + E 0 and we can write G (1) as function of (E tot , ∆E) 
where ∆E f n = E f n − ω and ∆E ni = E ni − ω. As for G (1) we use that for long pulses the total energy of the final state is accurately determined to be E 1 + E 2 = 2ω + E 0 . This enforces ∆E f n = −∆E ni . Changing the variables from (E 1 , E 2 ) to (E tot , ∆E) one obtains
Not only the shape function G (1) but also G (2) depend only on ∆E and not on E tot . As shown in [23] the amplitude of two-photon absorption within one pulse is given by A (2) = G (2) (∆E) + G (2) (−∆E). For a pump-probe sequence where the first pulse has ellipticity 1 
